We used PCR-based methods to clone and sequence four previously unidentified cellulase cDNAs: cbhI-I, cbhI-II, cbhII-I and egII. CbhI-I, cbhI-II and cbhII-I consist of 1710, 1610 and 1453 bp, respectively, and encode for 512, 458 and 442 amino acids, respectively. EgII consists of 1180 bp encoding for 310 amino acids, and belongs to family 61 of the glycosyl hydrolases. CbhI-I, cbhII-I and egII all have a modular structure, with the catalytic domain (CD) and cellulose-binding domain (CBD) located at the C-terminus in cbhI-I and egII, and at the N-terminus in cbhII-I. CbhI-II shows high homology to cbhI-I but lacks a CBD. Northern blotting revealed that cbhI-I, cbhI-II and cbhII-I were coordinately expressed at various stages of the mushroom developmental cycle (substrate colonization to mature fruit body), although the number of cbhI-I transcripts was much smaller. No egII expression was detectable during the substrate colonization phase but transcription levels increased as fruit body morphogenesis progressed.
Introduction
Volvariella volvacea, the edible straw mushroom, has been cultivated for many years throughout Asia and the estimated total output in 2003 (latest published figures) was c. 600 000 tonnes, accounting for about 5% of the world total output of edible mushrooms. Most industrial-scale production is located in China and, with the introduction of modern indoor cultivation facilities that allow for the maintenance of controlled physical conditions (temperature, light, relative humidity), the mushroom can be grown all year round. In common with other edible mushrooms, V. volvacea is a highly nutritious food source. Furthermore, earlier empirical observations on the health-promoting properties of V. volvacea are now being reinforced by an increasing number of reports ascribing immunomodulating, antitumour and hypocholesterolaemic activity to various components isolated from mushroom fruit bodies and mycelium (Buswell & Chen, 2005) .
Unusually, V. volvacea grows poorly on lignified substrates such as cereal straws and sawdust that are commonly used to cultivate other edible mushrooms such as Agaricus bisporus, Lentinula edodes and Pleurotus spp (Buswell et al., 1996) . Higher biological efficiencies (i.e. conversion of growth substrate into mushroom fruit bodies) have been achieved by growing the fungus on cotton waste 'composts'. Maintenance of an energy supply to sustain growth and enlargement of the fruit body requires the release of composted polymers through the action of cellulases and other hydrolytic enzymes (De Groot et al., 1998) . In common with other cellulolytic fungi, V. volvacea produces endoglucanase (EC 3.2.1.4) (EG), cellobiohydrolase (EC 3.2.1.91) (CBH) and b-glucosidase (EC 3.2.1.21) (BGL) when grown on various cellulosic materials in either submerged or solid-state culture (Cai et al., 1999) . However, compared with A. bisporus, where cellulase activity has been shown to fluctuate in parallel with flushing cycles and to be directly correlated with crop yield (Wood & Goodenough, 1977; Hammond, 1981; Smith et al., 1989) , relatively little is known about the relationship between cellulase gene expression and the developmental cycle of V. volvacea (Jia et al., 1999; Ding et al., 2001) .
In view of the economic importance of V. volvacea, we have now used PCR-based methods to clone four previously unidentified genes encoding for glycosyl hydrolases, and have studied the transcription patterns for these genes and a previously described endoglucanase-encoding gene, eg1, during different stages of the mushroom developmental cycle. Our data increase our understanding of the role(s) played by individual glycosyl hydrolases in substrate colonization and sporophore formation, and should aid the development of strategies for further improvements in production efficiency.
Materials and methods

Organisms and growth conditions
Volvariella volvacea strain V14 was obtained from the culture collection of the Center for International Services to Mushroom Biotechnology located at The Chinese University of Hong Kong (accession number CMB002), and maintained on potato dextrose agar at room temperature with periodic transfer. Escherichia coli XL-1 Blue MRF was used as the host for recombinant plasmids. Escherichia coli transformants were grown at 37 1C in Luria-Bertani broth containing 100 mg ampicillin and 50 mg tetracycline mL À1 .
The fungus was cultured in rice straw compost as described previously (Chen et al., 2004) 
Total RNA extraction
For molecular cloning of multiple cellulase genes, total RNA was extracted from V. volvacea mycelia as described previously (Ding et al., 2001) .
For Northern analysis, total RNA was extracted from compost taken at different sampling times (see above) using the Tri-Reagent (Molecular Research Center Inc. Cincinnati, OH) method. Samples (3 g) were frozen in liquid nitrogen and ground to a fine powder with a mortar and pestle. TriReagent (15 mL) was added and the sample was vortexed for 5 min before adding 3 mL chloroform and standing the mixture at room temperature for 10 min. Total RNA was precipitated by addition of 7 mL iso-propanol, collected by centrifuging at 12 000 g for 15 min at 4 1C and dissolved in 0.5 mL diethyl pyrocarbonate (DEPC)-treated water. Finally, 0.5 mL, 8 M LiCl solution was added and the mixture was kept overnight at À 20 1C to remove contaminating phenolic materials derived from the compost. The purified RNA pellet was recovered by centrifugation, rinsed with 1 mL of 70% DEPC-treated ethanol and resuspended in 400 mL DEPC-treated water.
Molecular cloning of cDNA of cellulase genes
Cloning of cbhI-I
A fragment of cbhI-I was amplified by RT-PCR using familyspecific degenerate primers (C-family) as described for Fusarium oxysporum cbhI (Sheppard et al., 1994) . Sense degenerate primers 5 0 -GG(AGCT) TA(CT) TG(CT) GA(CT) (AGT)(GC)(AGTC) CA(AG) TG-3 0 and antisense degenerate primers 5 0 -AT(AG) TCC AT(CT) TC(AGTC) (AGT)(AT)(AG)CA(AG) CA-3 0 were designed to anneal to the DNA sequences encoding for the conserved GYCDA(R/ G/C/Y)QC and CCN(I/L/K/M/F/S/T/Y)EMDI regions, respectively, of family 3 CBHI. PCR amplification of the cDNA fragment encoding a portion of cbhI-I was carried out using a Peltier Thermal Cycler 100 (MJ Research, Watertown, MA) in 50 mL reaction volumes containing 1.25 U Taq DNA polymerase, 5 mL 10 Â Mg-free reaction buffer, 200 mm dNTP, 2.5 mM MgCl 2 , 1 mM sense or antisense degenerate primer and 0.5 mL template. The amplification conditions were as follows: one cycle of 94 1C for 1 min, 48.4 1C for 30 s and 72 1C for 1 min; 30 cycles of 94 1C for 30 s, 48.4 1C for 30 s and 72 1C for 1.5 min; and then a final extension cycle of 72 1C for 10 min. The fragment was subcloned into pGEM T-vector and transformed into E. coli XL1-Blue. Plasmids containing the cbhI-I fragment were isolated using the Wizard Miniprep Kit (Promega, Madison, WI) and sequenced by the dideoxy chain-termination method using an automated ABI 310 Sequencer (Perkin Elmer, Foster City, CA) according to the manufacturer's instructions.
RACE was performed to obtain full-length cDNA clones with the SMART RACE Amplication Kit (Clontech, Palo Alto, CA). Using the 198-bp fragment sequence of cbhI-I obtained above, the gene-specific primer 5 0 -ACC TGC GTT CGT GTC ATT GGG AGA GCC-3 0 was designed for the 5 0 -RACE reaction to generate the 5 0 -end fragment of cbhI-I. The full-length cDNA of cbhI-I was then generated by 3 0 -RACE using the gene-specific primer 5 0 -TGT TCT ACT CGC TCT CTA CCA CTA GAC C-3 0 designed from the sequence of the extreme 5 0 -end of cbhI-I. The full-length cbhI-I cDNA was cloned and sequenced as above.
Cloning of cbhI-II
The sequence of a cbhI previously cloned by Jia et al. (1999) encoding for the ANMSEALR region was used to design the gene-specific primer 5 0 -CCT CAA CGC CTC ACT CAT GTT CGC C-3 0 . RACE was then performed as for cbhI-I to obtain the full-length cDNA of cbhI-II, which was cloned and sequenced as above.
Cloning of cbhII-I
The sequence of a cbhII previously cloned by Jia et al. (1999) encoding for the HIVDQGR region was used to design the gene-specific primer 5 0 -TCG GCC TTG GTC AAC AAT GAA GTG GG-3 0 . RACE was then performed as for cbhI-I to obtain the full-length cDNA of cbhII-I, which was cloned and sequenced as above.
Cloning of egII
The degenerate primer 5 0 -GG(AGCT) CAG TGC GG(AGCT) GG(AGCT) AT(CC) GG-3 0 , designed to anneal to a conserved region of the fungal CBD sequence GQCGGIG of endoglucanase (Tomme et al., 1995) , was used in a 3 0 -RACE-PCR reaction to generate the 3 0 -end cDNA fragment of egII. Using the 253-bp fragment sequence obtained, the gene-specific primer 5 0 -CGT GAA GGG GGA GAC GCA GAC TGT TGG-3 0 was designed to generate the 5 0 -end fragment of egII. The full-length cDNA of egII was then generated by 3 0 -RACE using the gene-specific primer 5 0 -TCG AAC CAC CCA AAA TGA AGA GCT TCT-3 0 designed from the sequence of the extreme 5 0 -end of egII. The full-length cDNA of egII was cloned and sequenced as above.
Northern analyses
The expression of cellulase genes in V. volvacea during substrate colonization and fruit body morphogenesis was analysed by Northern blot. RNA samples (10 mg) were denatured in 20 mL glyoxal reaction mixture containing 12 mL dimethyl sulfoxide, 4 mL deionized glyoxal, 2.4 mL 10 Â BPTE electrophoresis buffer, 1.2 mL 80% glycerol and 0.4 mL ethidium bromide (10 mg mL À1 in H 2 O).
After separation on 1% (w/v) agarose gels with BPTE buffer containing 10 mM PIPES, 30 mM bis-Tris, and 1 mM EDTA (pH 8.0), the RNA was transferred onto nylon membranes (Roche Diagnostics, Mannheim, Germany). Blots were stained with methylene blue to ensure that the transfer was complete and that the amounts of RNA were equal in all lanes. The membranes were UV cross-linked with a GS GENE linker (Bio-Rad, Hercules, CA), followed by pre-hybridization and hybridization with DIG-labelled RNA probes, which were synthesized by in vitro transcription using fragments encoding for cellulases as a template. The probes used are shown in Table 1 . The images on the membranes were detected with a chemiluminescence detection kit (Roche Diagnostics) according to the manufacturer's protocol, and visualized and analysed with the Lumi-Imager F1 (Roche Diagnostics).
Results
Cloning of cellulase genes
The cDNAs for four novel cellulase genes were isolated using different PCR-based methods. amino sequences ( Fig. 1) but cbhI-II, unlike cbhI-I, lacks a CBD and hinge region (Tomme et al., 1995) . The full-length cDNA of egII (GenBank No. AY559101) consisted of 1180 bp encoding 310 amino acids and exhibited high similarity to family 61 endoglucanases. Alignment of the deduced amino acid sequence of egII with endoglucanase genes from other fungi showed the highest sequence similarities to cel1 Neurospora crassa (53%, accession No. AL389890), egl4 (cel61A) from Trichoderma reesei (42%, accession No. CAA71999) and cel1 from A. bisporus (36%, accession No. AAA53434) (Fig. 2) .
CbhI-I, cbhII-I and egII all have a modular structure with the CD and CBD located at the C-terminus in cbhI-I and egII, and at the N-terminus in cbhII-I.
Differential expression of genes during substrate colonization and fruiting
EgI, egII, cbhI-I, cbhI-II and cbhII-I transcription patterns at various stages of the developmental cycle are shown in Fig. 3 . Low eg1 expression levels were detected during all stages of substrate colonization and at the pinhead stage of fruiting. However, the number of transcripts then increased rapidly during subsequent stages of fruit body development, with the maximum expression levels observed at the maturation stage (Fig. 3) . No egII expression was detectable during substrate colonization, low mRNA levels were observed during the pinhead, egg and button stages and very high levels of expression were seen at the elongation and mature stages (Fig.  3) . Only low levels of cbhI-I expression were detectable and then only at the mid-stage of substrate colonization and during fruiting from the egg stage through to maturation. mRNA levels reached a maximum at the egg stage before decreasing during the elongation and maturation stages of fruit body development. Similar patterns of gene transcription were observed for cbhI-II and cbhII-I but expression levels were very much higher than for cbhI-I (Fig. 3) .
Discussion
Several fungi are reported to produce multiple cellulases belonging to different glycosyl hydrolase families (Tomme et al., 1995) . However, the physiological roles of these enzymes have been extensively studied at the transcriptional level in only a few cases including T. reesei (Foreman et al., 2003) , Aspergillus niger (Lockington et al., 2002) , P. chrysosporium (Broda et al., 1996; Vallim et al., 1998) and A. bisporus (Chow et al., 1994; Yague et al., 1994 Yague et al., , 1997 . Northern blot analysis revealed that multiple genes encoding cellobiohydrolases and endoglucanases were coordinately induced when T. reesei was grown in a crystalline cellulosecontaining medium (Ilmen et al., 1997) . The amounts of CBHI/CBHII/EGI/EGII were always produced by T. reesei in a proportion of 6 : 1.5 :1 : 1, indicating that the multiple cbhI-I MFPKSSLLVLSFLATAYAQQVGTQTAEVHPSLNWARCT-SSGC-TNVAGSVTLDANWRWL cbhI-II MFPAATLFAFSLFAAVYGQQVGTQLAETHPRLTWQKCTRSGGCQTQSNGAIVLDANWRWV *** * * * * * *** *** ** ** * * ** ** * * * * * * ******** HTTSGYTNCYTGNSWNTTLCPDGATCAQNCALDGANYQSTCGITTSGNALTLKFVTQGEQ HNVGGYTNCYTGNTWNTSLCPDGATCAKNCALDGANYQSTYGITTSGNALTLKFVTQSEQ ********** ********* ***************************** * * * * * ** ** ********* ************ ********* ******** ********** ************* **************** *** ******** * * * ** ** ****** *** ********* ********************** **** **** *** *** ********* **** ************** ********* *** *********** ****** **** * * * * * ** * ** ** ** * * *********** ** *** **** ******* ****************** Fig. 1 . Alignment of deduced amino acid sequences of cbhI-I and cbhI-II.
forms are required for synergistic hydrolysis of cellulose (Kubicek et al., 1993) . However, most studies aimed at elucidating the rationale for cellulase multiplicity have involved defined growth media using purified substrates, whereas in nature, fungi encounter a variety of cellulose substrates with subtle differences. Therefore, induction and repression of multiple cellulase forms in 'nature' may be markedly different (Broda et al., 1995) , and the precise roles and interactions of individual fungal genes in cellulose degradation, particularly in complex substrates containing lignin and hemicellulose, are not well understood.
In this study, we used a number of PCR-based strategies to clone four new cellulase genes. Northern blot was then adopted in order to study the transcriptional expression of cellulase genes at different stages of the developmental cycle of V. volvacea grown on rice straw compost under conditions adopted for industrial-scale cultivation. High-quality RNA was obtained on a mg scale by a procedure involving addition of 8 M LiCl following the Tri-Reagent extraction.
This step removes contaminating phenolic compounds coextracted from lignocellulosic composts along with RNA, which may adversely influence subsequent gene expression analysis by Northern blot.
CbhI-I is structurally similar to most other fungal cbhI genes belonging to family 7 in having both a hinge region and the conserved CBD at the C-terminus. However, cbhI-II is unusual in lacking both a CBD and the linker peptide. CbhI genes without a CBD and linker region have also been identified in P. chrysosporium (Gielkens et al., 1999) and Aspergillus niger (Wymelenberg et al., 2001) . It has been proposed that cellulases with a CBD are required in the early stages of cellulose degradation when most of the substrate is still insoluble; at a later stage, when most of the substrate has been solubilized into oligosaccharides, isoforms without a CBD might be preferred (Covert et al., 1992) . However, our data show that the expression patterns of cbhI-II and cbhII-I were very similar, indicating that the two genes are coordinately expressed, in which case cbhI-II may also contribute to the degradation of native cellulose. Interestingly, cbhI-I from P. chrysosporium that encodes for a cellobiohydrase without a CBD or a linker region was also expressed at high levels when this fungus was grown in aspen wood chips, although gene transcription levels were exceeding low in submerged culture (Broda et al., 1995) .
EGII belongs to glycosyl hydrolase family 61, which also includes endoglucanases from T. reesei , A. bisporus (Raguz et al., 1992) , P. chrysosporium (Rudsander et al., 2002) , Cryptococcus neoformans (Chang & Kwon-Chung, 1998) and Neurospora crassa (GenBank accession number AL389890). Family 61 endoglucanase-encoding genes have been cloned from several fungi, but many of their characteristics and biological functions remain unresolved. Cel61A (celI) from A. bisporus expressed in Saccharomyces cerevisiae has been reported to have no activity on CMC, Avicel, or filter paper, although enzyme synthesis was induced during fungal growth on cellulose and repressed in glucose medium (Raguz et al., 1992) . Cel61A (EGIV) was induced together with other cellulases in T. reesei, but the specific activity was several orders of magnitude lower than Cel7B (Wymelenberg et al., 2001) . It has been suggested that the cel61A enzymes in both T. reesei and A. bisporus are active on specific parts of more complex natural cellulosic substrates.
The expression pattern for egII was unusual in that the highest transcription levels were observed at the elongation and mature stages, in contrast to the decreasing levels of expression observed with the cellobiohydrolase-encoding genes. This expression pattern indicated that EGII contributes to the utilization of partially degraded substrates.
Work is underway to produce sufficient quantities of recombinant EGII required to conduct extensive biochemical and functional characterization of the enzyme.
The very low levels of cellulase gene expression that were evident during the early stages of the mushroom development cycle may have been due to the presence of more readily utilizable wheat bran in the compost. Expression of cbhI-II and cbhII-I increased at day 8 when most of the compost was colonized, but expression levels declined when the compost was fully colonized, suggesting either sufficient supply or less demand for carbon and energy at this stage.
In conclusion, our data provide important additional information relating to cellulase genes and gene expression in V. volvacea including the identification of previously uncharacterized components expressed during mushroom development on 'natural' substrates. Further studies on transcriptional comparisons between different cellulase-encoding genes are underway in order to develop strategies for more efficient mushroom production.
